Introduction
============

Breast cancer is among the most common types of cancer among women worldwide ([@b1-or-43-04-1221]). The metastatic spread of breast cancer is generally associated with poor prognosis and increased disease-related mortality ([@b2-or-43-04-1221]). The metastasis of breast cancer cells requires several essential steps, including epithelial-mesenchymal transition (EMT) ([@b3-or-43-04-1221]) and extracellular matrix degradation ([@b4-or-43-04-1221]). Studies over the past decade have demonstrated that aberrant microRNA (miRNA) expression is closely associated with a variety of biological processes in breast cancer, including cell proliferation ([@b5-or-43-04-1221],[@b6-or-43-04-1221]), apoptosis ([@b7-or-43-04-1221],[@b8-or-43-04-1221]), metastasis ([@b9-or-43-04-1221],[@b10-or-43-04-1221]) and chemosensitivity ([@b11-or-43-04-1221],[@b12-or-43-04-1221]). MicroRNAs (miRNAs) are single-stranded RNA molecules typically 21--25 nucleotides in length, that can negatively regulate target gene expression. miRNAs are evolutionarily conserved, and encoded by endogenous non-coding genes ([@b13-or-43-04-1221]). It is well-known that miRNAs exert post-transcriptional genetic regulatory effects by binding to the 3′-untranslated region (UTR) of potential target mRNAs. Additionally, miRNAs may be utilized as diagnostic and prognostic biomarkers for breast cancer ([@b14-or-43-04-1221],[@b15-or-43-04-1221]). For example, the levels of miR-214 in the peripheral blood may be used to detect mammary malignant tumours ([@b16-or-43-04-1221]). In another study, miRNA expression profiling revealed that the expression levels of circulating miR-92a and miR-21 were correlated with tumour diameter and distant metastasis ([@b17-or-43-04-1221]). The miR-299-5p gene belongs to a spanning DLK1-DIO3 region, which is one of the largest miRNA-containing clusters, located in chromosome 14q32 ([@b18-or-43-04-1221]). Previously, miR-299 has been reported to be involved in several carcinogenic processes in thyroid cancer ([@b19-or-43-04-1221]), glioblastoma ([@b20-or-43-04-1221]) and prostate cancer ([@b21-or-43-04-1221]). Additionally, it has been reported that miR-299-5p is downregulated in both the tumour and serum samples of breast cancer patients ([@b22-or-43-04-1221]). However, the biological function of miR-299-5p in breast cancer remains unclear.

Using bioinformatics analysis (TargetScan and miRanda), it was predicted that miR-299-5p may bind to a potential site within the 3′-UTR of serine/threonine kinase 39 (STK39) in the present study, which provides evidence that miR-299-5p may regulate STK39 expression. STK39 belongs to the STE20 kinase family ([@b23-or-43-04-1221]) and contains N-terminal proline and alanine repeats, a kinase catalytic domain, and a C-terminal region. STK39 is considered to activate p38α mitogen-activated protein kinase (MAPK), which participates in regulating various cellular biological activities, such as cell proliferation, differentiation, cytoskeletal rearrangement and ion transport ([@b24-or-43-04-1221]--[@b26-or-43-04-1221]). Previous studies reported that STK39 affects carcinogenesis in several types of cancer and is closely associated with tumour progression and metastasis, indicating that STK39 may act as an oncogene ([@b27-or-43-04-1221]--[@b29-or-43-04-1221]). However, the effects of miRNAs on the regulation of STK39 have not been extensively investigated.

In the present study, two human breast cancer cell lines, MDA-MB-231 and MCF-7, were used to evaluate the effect of miR-299-5p on cellular biological functions. Using bioinformatics algorithms, it was investigated whether STK39 is a direct target of miR-299-5p, and the results were further confirmed by dual-luciferase reporter assays and immunoblot analysis. The effects of STK39 knockdown by RNA interference (RNAi) on cancer cell metastasis were also investigated. The aim of the present study was to investigate the role of miR-299-5p and its potential target, STK39, in the regulation of breast cancer biological functions, and provide evidence that they may be used as novel targets for breast cancer diagnosis and therapy.

Materials and methods
=====================

### Breast cancer sample and cell culture

A total of 30 paired formalin-fixed paraffin-embedded human breast cancer tissue samples and adjacent non-cancerous tissue samples were obtained from the Department of Pathology of The Second Affiliated Hospital of Xi\'an Jiaotong University (Xi\'an, China) between May 2015 and December 2015. The patients were aged 35--79 years, with an average age of 59.0±12.7 years. No patients had received radiotherapy or chemotherapy prior to surgery. All the patients provided informed consent, and the study protocol was approved by the Ethics Committee of Xi\'an Jiaotong University.

The human breast cancer cell lines, MCF-7 and MDA-MB-231, and the normal breast epithelial cell line MCF-10A, were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 and MCF-7 cells were cultured in Dulbecco\'s modified Eagles medium (DMEM) supplemented with 10% foetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). MCF-10A cells were maintained in DMEM/F12 medium (HyClone; GE Healthcare Life Sciences) with the addition of 10 µg/ml insulin, 20 ng/ml epidermal growth factor (Sigma-Aldrich; Merck KGaA) and 5% horse serum (Gibco; Thermo Fisher Scientific, Inc.). All cells were cultured in a humidified incubator at 37°C with 5% CO~2~.

### Cell transfection

miR-299-5p mimics, miR-299-5p inhibitor, small interfering RNAs (siRNAs) of STK39, STK39 overexpression plasmid, and their respective negative controls were chemically synthesized by Genepharm Technologies. Prior to transfection, breast cancer cells were incubated in a 6-well plate at a density of 2×10^5^ cells/well. After a 24-h incubation, cells were transfected with miRNA mimics or plasmid using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), following the manufacturer\'s protocol. All oligonucleotides used in the present study are listed in [Table SI](#SD1-or-43-04-1221){ref-type="supplementary-material"}.

### Lentivirus infection

The packaged lentivirus for miR-299-5p overexpression was obtained from GeneChem and is referred to as LV-miR-299-5p hereafter. The lentiviral vector, LV-miR-ctrl, was used as a negative control. MDA-MB-231 cells were infected at a multiplicity of infection of 10 in the presence of 5 µg/ml polybrene. All steps were performed according to the manufacturer\'s instructions.

### RNA extraction and reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from each group of breast cancer cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. cDNA was synthesized from total RNA using the PrimerScript RT Reagent kit (Takara Bio, Inc.). The amount of 500 ng total RNA was used for reverse transcription with the following protocol: 42°C for 15 min and 85°C for 5 sec. Real-time PCR amplification reactions were conducted on a CFX96 Real Time PCR System (Bio-Rad Laboratories, Inc.) using SYBR Green Premix Ex Taq II (Takara Bio, Inc.). The relative expression of genes was calculated using the 2^−ΔΔCq^ method and normalized to the expression of β-actin ([@b30-or-43-04-1221]). For miR-299-5p quantitative detection, small nuclear RNA (U6) was used as an internal control. The primer sequences of the target genes used in the present study are listed in [Table SI](#SD1-or-43-04-1221){ref-type="supplementary-material"}. The thermocycling conditions were as follows: 40 cycles with denaturation at 95°C for 30 sec, and annealing at 60°C for 30 sec.

### Wound healing assay

Artificial wounds were created when cells were \~80% confluent. A sterile 200-µl pipette tip was used to scratch the cell monolayer. The width of the wound was measured, and images were captured using an inverted microscope at 0, 24, 48 and 72 h after wounding. The distance of cell migration was used to quantify the migration capacity.

### Transwell assay

Following cell transfection, breast cancer cells were collected and suspended in serum-free medium. For the cell migration assay, a total of 3×10^4^ cells were added into the upper chamber of Transwell plates, while the lower chamber was filled with 800 µl DMEM supplemented with 10% FBS. For the cell invasion assay, the upper surface of the membrane was precoated with a thin layer of Matrigel (BD Biosciences) and a total of 6×10^4^ cells were added into the upper chamber of the Transwell plates. After incubation for 24 h, the non-invasive cells were gently removed from the upper chamber with a cotton swab. Invading cells that adhered to the bottom of the membrane were fixed at room temperature with 4% paraformaldehyde and stained with 0.1% crystal violet solution for 30 min. Images were randomly captured by an inverted microscope (IX73; Olympus Corp.). The number of invading cells was counted by using at least five fields for each membrane (magnification, ×200).

### Bioinformatics analysis

The TargetScan (<http://www.targetscan.org/vert_72>) and miRanda (<http://www.microrna.org/>) online databases were employed to predict potential targets and their miR-299-5p binding sites.

### Dual-luciferase reporter assay

The potential binding sites of miR-299-5p in STK39 mRNA 3′-UTR were constructed and cloned between the *Xho*I *and Not*I sites of the psiCHECK-2 dual-luciferase expression vector (Promega Corporation). psiCHECK2-STK39 wild-type (WT) and psiCHECK2-STK39 mutant (Mut) vectors were constructed. Subsequently, 293T cells were co-transfected with psiCHECK2-STK39-WT or psiCHECK2-STK39-Mut along with miR-299-5p mimics or miR-negative control. After 48 h of co-transfection, luciferase activity was detected using the Dual-Luciferase Reporter Assay System (Promega Corporation). *Renilla* luciferase activity was used for normalization.

### Western blot assay

After 48 h of transfection, transfected breast cancer cells were lysed using RIPA lysis buffer (Beyotime Institute of Biotechnology) supplemented with a protease inhibitor cocktail (Roche Diagnostics). The protein concentration of each lysate was detected using a BCA assay kit (Beyotime Institute of Biotechnology). Equal amounts of cellular proteins (40 µg/lane) were separated by 10% SDS-PAGE and subsequently transferred to PVDF membranes (EMD Millipore). After blocking in 5% non-fat dry milk for 1 h, the membranes were incubated with diluted primary antibodies at 4°C overnight. After washing with Tris-buffered saline supplemented with 0.1% Tween-20, the membranes were incubated with horseradish peroxidase-conjugated (HRP) secondary antibodies (diluted in 1:20,000; cat no. 111-035-003 or 115-035-003; Jackson ImmunoResearch Laboratories, Inc.) for 1 h at room temperature. The washed membranes were incubated with ECL Western HRP Substrate (EMD Millipore) for chemiluminescence detection. The levels of β-actin were used to normalize the relative expression of proteins, and the protein band intensity was analysed using ImageJ software (version 1.48; National Institutes of Health). The primary antibodies used were as follows: STK39 (also known as SPAK) (diluted 1:2,000, product code ab128894), matrix metallopeptidase (MMP)-2 (diluted 1:2,000; ab92536), and MMP-9 (diluted 1:2,000; product code ab76003; all from Abcam), E-cadherin (diluted 1:1,000, product no. 3195) and N-cadherin (diluted 1:1,000; product no. 13116; both from Cell Signaling Technology Inc.), vimentin (diluted 1:1,000; product code ab92547; Abcam) and β-actin (diluted in 1:1,000; cat. no. sc47778; Santa Cruz Biotechnology, Inc.).

### Xenograft assay

MDA-MB-231 cells stably overexpressing miR-299-5p were generated. Subsequently, MDA-MB-231 cells were suspended in phosphate-buffered saline at a density of 2×10^6^ cells/ml. Female BALB/c nude mice (aged 4--5 weeks and weighing 18--20 g, purchased from Beijing Vital River Laboratory Animal Technology Co.) were injected with 0.1 ml of the cell suspension via the tail vein (n=10/group). All mice were euthanized by isoflurane after 7 weeks. The organs with metastatic foci were subjected to haematoxylin-eosin staining. All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Xi\'an Jiaotong University.

### Immunohistochemistry

Paraffin sections (4-µm) were deparaffinized with xylene and rehydrated through a graded ethanol series. Endogenous peroxidase was blocked with 3% hydrogen peroxide for 5 min at room temperature, and then antigen retrieval \[in 110°C citrate buffer (pH 6.0) for 2 min\] and blocking were performed. The sections were incubated with anti-STK39 antibody (diluted in 1:100) at 4°C overnight. Subsequently, the sections were incubated with HRP-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Inc.). Detection was performed using 3,3′-diaminobenzidine and haematoxylin. For each sample, the percentage of positive cells was counted to evaluate the expression of STK39.

### Statistical analysis

Data are presented as the mean ± standard error of mean. All data were pooled from at least three independent experiments. Differences between two groups were analysed using the Student\'s t-test and differences among multiple groups were analysed using one-way ANOVA followed by Dunnett\'s post hoc test. The association between miR-299-5p or STK39 expression and clinicopathological characteristics of breast cancer patients was analysed using Fisher\'s exact probabilities test. All tests were two-sided, and P\<0.05 was considered to indicate statistically significant differences. All statistical calculations were performed using SPSS 17.0 (SPSS Inc.), and all graphs were drawn with GraphPad Prism 5.0 (GraphPad Software, Inc.).

Results
=======

### miR-299-5p is downregulated in breast cancer clinical samples and cell lines

By searching The Cancer Genome Atlas (TCGA) database (<https://cancergenome.nih.gov/>), it was observed that miR-299-5p expression was significantly decreased in breast cancer tissues (n=380, P\<0.001) compared with that in non-cancerous tissues (n=76) ([Fig. 1A](#f1-or-43-04-1221){ref-type="fig"}). miR-299-5p expression was evaluated in 30 pairs of human breast cancer tissue and adjacent non-cancerous tissue samples using RT-qPCR. The association between miR-299-5p expression and clinicopathological characteristics is presented in [Table I](#tI-or-43-04-1221){ref-type="table"}. Decreased expression of miR-299-5p was revealed to be significantly correlated with lymph node metastasis (P=0.023). Compared with adjacent non-cancerous tissues, miR-299-5p was significantly downregulated in breast cancer tissues ([Fig. 1B](#f1-or-43-04-1221){ref-type="fig"}). The expression of miR-299-5p was also assessed in two different breast cancer cell lines and in normal human mammary epithelial cells using RT-qPCR. The results indicated that miR-299-5p was markedly downregulated in both breast cancer cell lines ([Fig. 1C](#f1-or-43-04-1221){ref-type="fig"}).

### miR-299-5p inhibits breast cancer cell migration and invasion

To explore the function of miR-299-5p in breast cancer, MDA-MB-231 and MCF-7 cell lines were transfected with miR-299-5p mimics or negative control (miR-ctrl). The expression levels of miR-299-5p in the two cell lines were significantly increased following transfection ([Fig. 2A](#f2-or-43-04-1221){ref-type="fig"}). However, the cell proliferation and apoptosis assays demonstrated that miR-299-5p exerted no effect on cell proliferation and apoptosis ([Fig. S1](#SD1-or-43-04-1221){ref-type="supplementary-material"}). In addition, the *in vivo* experiment also demonstrated this point ([Fig. S2](#SD1-or-43-04-1221){ref-type="supplementary-material"}).

Next, the effects of miR-299-5p on cell migration and invasion were detected. Transwell and wound healing assays demonstrated that increased expression of miR-299-5p led to a marked decrease in the capacity for migration and invasion. By contrast, the suppression of miR-299-5p with a miRNA inhibitor promoted cancer cell migration and invasion ([Fig. 3A and B](#f3-or-43-04-1221){ref-type="fig"}). Wound healing assays yielded consistent results ([Fig. 3C and D](#f3-or-43-04-1221){ref-type="fig"}). Following transfection with miR-299-5p mimics and inhibitor, the expression of markers for EMT and extracellular matrix degradation was assessed, including E-cadherin, N-cadherin, vimentin, MMP-2 and MMP-9. Overexpression of miR-299-5p decreased the expression of N-cadherin, vimentin, MMP-2 and MMP-9 in MDA-MB-231 and MCF-7 cells. The expression of E-cadherin was markedly upregulated in the two cell lines ([Fig. 2B and C](#f2-or-43-04-1221){ref-type="fig"}). By contrast, miR-299-5p inhibitor exhibited the opposite results. These results indicated that miR-299-5p may inhibit breast cancer cell migration and invasion via regulation of EMT and extracellular matrix degradation.

To further validate the tumour suppressive effect of miR-299-5p *in vivo*, miR-299-5p-expressing MDA-MB-231 cells and control MDA-MB-231 cells were injected into the tail veins of nude mice. The mean number of pulmonary metastatic foci was significantly reduced in mice injected with miR-299-5p-expressing cells compared with the control group ([Fig. 3E](#f3-or-43-04-1221){ref-type="fig"}). The maximum diameter of metastatic foci in the LV-miR-ctrl group was 0.36 cm, and in the LV-miR-299-5p group it was 0.11 cm. These findings indicated that miR-299-5p may act as a tumour suppressor in breast cancer by inhibiting breast cancer metastasis *in vitro* and *in vivo*.

### STK39 is a direct target of miR-299-5p in breast cancer

To investigate the underlying molecular mechanism through which miR-299-5p suppresses breast cancer cell metastasis, the TargetScan (<http://www.targetscan.org/vert_72>) and miRanda (<http://www.microrna.org/>) prediction databases were searched to identify miR-299-5p target genes. We were able to determine that the 3′-UTR of STK39 mRNA contains putative binding sites for miR-299-5p. To validate the association between miR-299-5p and STK39, STK39-WT and STK39-Mut 3′-UTR fragments were cloned into the psiCHECK-2 dual-luciferase reporter vector ([Fig. 4A](#f4-or-43-04-1221){ref-type="fig"}). miR-299-5p mimics and STK39-WT- or STK39-Mut-3′-UTR vectors were co-transfected into 293T cells. miR-299-5p significantly reduced the relative luciferase activity of the STK39-WT-3′-UTR vector in 293T cells, but did not affect the luciferase activity of the STK39-Mut-3′-UTR vector, indicating that miR-299-5p binds directly to 3′-UTR of STK39 ([Fig. 4B](#f4-or-43-04-1221){ref-type="fig"}). This result revealed that miR-299-5p exerts its effect by directly targeting the 3′-UTR of STK39. Moreover, the mRNA and protein levels of STK39 were revealed to be inversely correlated with miR-299-5p expression ([Fig. 4C-E](#f4-or-43-04-1221){ref-type="fig"}).

### STK39 is upregulated in breast cancer tissues and cell lines

To determine whether STK39 is associated with miR-299-5p-mediated inhibition of breast cancer metastasis, STK39 expression was assessed in 30 pairs of human breast cancer tissue and adjacent non-cancerous tissue samples using immunohistochemistry. The association between STK39 expression and clinicopathological characteristics is presented in [Table II](#tII-or-43-04-1221){ref-type="table"}. Increased expression of STK39 was revealed to be significantly correlated with lymph node metastasis (P=0.020). However, no association was observed between STK39 levels and age, tumour size, or TNM stage. Compared with non-cancerous tissues, STK39 was significantly upregulated ([Fig. 5A and B](#f5-or-43-04-1221){ref-type="fig"}) in breast cancer tissues. Moreover, the expression of STK39 at the mRNA and protein levels was also increased in breast cancer cell lines compared with that in normal breast epithelial cells ([Fig. 5C-E](#f5-or-43-04-1221){ref-type="fig"}).

### Knockdown of STK39 inhibits breast cancer cell migration and invasion

To further validate the role of STK39 in breast cancer, siRNAs were used to perform STK39 loss-of-function experiments. As revealed in [Fig. 6A and B](#f6-or-43-04-1221){ref-type="fig"}, following transfection, siRNA-mediated depletion of STK39 in MDA-MB-231 and MCF-7 cells reduced the levels of STK39 mRNA and protein.

Cell migration and invasion abilities after STK39 knockdown were next examined. As revealed in [Fig. 7A and B](#f7-or-43-04-1221){ref-type="fig"}, MDA-MB-231 and MCF-7 cell migration and invasion were markedly inhibited in Transwell assays. In addition, the results of the wound healing assays were consistent ([Fig. 7C and D](#f7-or-43-04-1221){ref-type="fig"}). Furthermore, immunoblot assays revealed that the knockdown of STK39 led to increased expression of E-cadherin and decreased expression of vimentin, N-cadherin, MMP-2, and MMP-9 ([Fig. 6B and C](#f6-or-43-04-1221){ref-type="fig"}).

### STK39 reverses the effects of miR-299-5p on breast cancer cell lines

To confirm that STK39 is a functional target gene of miR-299-5p, rescue experiments in breast cancer cell lines were performed. MDA-MB-231 and MCF-7 cells were co-transfected with STK39-overexpression plasmid and miR-299-5p mimics. To ensure the efficiency of co-transfection, the levels of miR-299-5p and STK39 were evaluated after transfection. As revealed in [Fig. 8A and B](#f8-or-43-04-1221){ref-type="fig"}, STK39 overexpression reduced the tumour-suppressing effects of miR-299-5p on cell migration, and STK39 knockdown limited the effect of the miR-299-5p inhibitor on cell migration. Similar effects were also observed on cell invasion ([Fig. 8C and D](#f8-or-43-04-1221){ref-type="fig"}). Collectively, these results provide evidence that STK39 downregulation is indispensable for the tumour-suppressive role of miR-299-5p in breast cancer metastasis.

Discussion
==========

The carcinogenesis and metastasis of breast cancer is a multifactorial process that includes expression changes in various oncogenes and tumour suppressors. Accordingly, numerous cancer-related genes and their biological functions have been identified, and the regulatory effects of thousands of unique non-coding RNAs are currently being investigated ([@b31-or-43-04-1221]). Specifically, miRNAs are known to be widely involved in cancer development and progression, and several studies have suggested that miRNAs are dysregulated in various cancers ([@b32-or-43-04-1221]), and regulate diverse biological functions in tumour cells.

The majority of studies on miR-299-5p have identified it as a tumour suppressor that is downregulated in different type of cancers ([@b19-or-43-04-1221]--[@b21-or-43-04-1221]). van Schooneveld *et al* observed that miR-299-5p was downregulated in both breast cancer tissue and serum samples compared with healthy individuals. They compared the expression level of miR-299-5p and other miRNAs in serum from patients with metastatic breast cancer receiving treatment, patients with untreated metastatic breast cancer, and healthy individuals, and found that the lowest expression value of miR-299-5p was observed in patients with metastatic breast cancer, whereas the expression level returned to normal with treatment. Moreover, the expression level of miR-299-5p exhibited a negative association with patient age at diagnosis ([@b22-or-43-04-1221]). In the present study, miR-299-5p was revealed to be significantly downregulated in breast cancer tissues and cell lines, which was consistent with the results from clinical samples. These data indicated that miR-299-5p inhibited breast cancer cell migration and invasion, whereas it was not involved in cell proliferation and apoptosis. The restoration of miR-299-5p expression inhibited cell migration and invasion in breast cancer cells, while miR-299-5p inhibition promoted cell migration and invasion.

Previous studies have reported that the targets of miR-299-5p, include RAD21 ([@b33-or-43-04-1221]) and osteopontin ([@b34-or-43-04-1221]), which increase the expression of mesenchymal markers in EMT ([@b35-or-43-04-1221]). Using bioinformatics analysis, STK39 was predicted to be a direct target of miR-299-5p. STK39 (also referred to as SPAK) is a member of the SPS1 subfamily of STE20 kinases ([@b23-or-43-04-1221]). In previous studies, STK39 was demonstrated to activate the p38 MAPK pathway, which indicates that STK39 is involved in cellular stress responses ([@b26-or-43-04-1221]). In addition, STK39 has been revealed to play a critical role in the regulation of ionic and osmotic cellular homeostasis ([@b36-or-43-04-1221],[@b37-or-43-04-1221]). Recent studies have demonstrated that STK39 has carcinogenic functions in several cancer types ([@b27-or-43-04-1221]--[@b29-or-43-04-1221]). Single nucleotide polymorphisms of STK39 are correlated with prognosis in early-stage non-small cell lung cancer ([@b38-or-43-04-1221]). Stanton *et al* identified STK39 as an early-stage antigen in breast cancer, and its overexpression in women with breast cancer predicted worse prognosis ([@b39-or-43-04-1221]). In another study, the gene expression of STK39 was upregulated in approximately half of patients with ductal carcinoma *in situ* and invasive ductal carcinomas compared with normal breast tissue. Furthermore, the autoantibody of STK39 provided a feasible tool for human breast cancer diagnostics ([@b40-or-43-04-1221]). The results of the present bioinformatics analysis and dual-luciferase assays demonstrated that miR-299-5p directly targeted STK39. To the best of our knowledge, this is the first study to demonstrate that miR-299-5p targets STK39 in breast cancer. It was observed that the upregulation of STK39 promoted breast cancer cell migration and invasion and demonstrated that STK39 may be involved in the EMT process and MMP expression during breast cancer metastasis.

Breast cancer is a heterogeneous disease characterized by diverse tumour biology, disparate response to therapeutics, and wide variations in the expression of hormone receptors and epidermal growth factor receptor ([@b41-or-43-04-1221]). The established breast cancer cell lines belong to different subtypes of human breast cancer, which may lead to differences in biological behaviours. The triple-negative breast cancer cell line, MDA-MB-231, exhibits a high propensity to metastasize. MCF-7 is a hormone receptor positive, luminal epithelium-like, non-aggressive tumour cell line. In the present study, both cell lines produced similar results when subjected to miR-299-5p and STK39 functional experiments. Thus, the effect of miR-299-5p and STK39 on breast cancer is consistent in different biological contexts.

In conclusion, the present study provided evidence that miR-299-5p acts as an anti-tumour miRNA in breast cancer. miR-299-5p inhibited the migration and invasion capabilities of breast cancer cells by directly targeting a novel target gene, STK39. STK39 may play a role in the EMT process and in the expression of MMPs, both of which facilitate cell metastasis in breast cancer. As a novel biomarker, miR-299-5p not only evaluates the efficacy of the treatment in metastatic breast cancer, but also takes part in the metastasis of breast cancer, which facilitates its potential application in diagnosis and therapy. The findings of the present study demonstrated that the association between miR-299-5p and STK39 regulates breast cancer metastasis and highlights that it may lead to the development of new diagnostic and therapeutic approaches to breast cancer.
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![miR-299-5p is significantly downregulated in breast cancer. (A) miR-299-5p expression in non-cancerous breast tissues and breast cancer tissues based on TCGA dataset. \*\*\*P\<0.001. (B) miR-299-5p expression in 30 pairs of human breast cancer tissue and adjacent non-cancerous tissue samples. \*\*\*P\<0.001. (C) Relative expression of miR-299-5p in a normal breast epithelial cell line and breast cancer cell lines. The expression of miR-299-5p was normalized to U6. Data are expressed as the mean ± standard error of mean. \*\*P\<0.01. TCGA, The Cancer Genome Atlas; RKPM, reads per kilobase per million mapped reads.](OR-43-04-1221-g00){#f1-or-43-04-1221}

![Overexpression of miR-299-5p affects the expression of EMT markers and MMPs. (A) The relative expression of miR-299-5p in MDA-MB-231 and MCF-7 cells following transfection with miR-299-5p mimics was assessed by reverse transcription-quantitative PCR. \*\*P\<0.01. (B) Western blotting detected the protein expression of EMT markers (N-cadherin, E-cadherin and vimentin) and MMP-2/9 in MDA-MB-231 and MCF-7 cells following transfection with miR-299-5p mimics or inhibitor. β-actin was used as an internal control. (C) Quantification of protein expression by grayscale analysis. \*P\<0.05, \*\*P\<0.01. EMT, epithelial-mesenchymal transition; MMP, matrix metallopeptidase.](OR-43-04-1221-g01){#f2-or-43-04-1221}

![miR-299-5p inhibits the invasion and migration of breast cancer cells *in vitro* and *in vivo*. (A) Migration assays of MDA-MB-231 and MCF-7 cells following transfection with miR-299-5p mimics or inhibitor. The number of migrating cells was quantified using at least five random fields for each membrane (magnification, ×200). \*P\<0.05, \*\*P\<0.01. (B) Invasion assays of MDA-MB-231 and MCF-7 cells following transfection with miR-299-5p mimics or inhibitor. The number of invading cells was quantified using at least five random fields (magnification, ×200). \*P\<0.05, \*\*P\<0.01. (C) Wound healing assays of MDA-MB-231 and MCF-7 cells following transfection with miR-299-5p mimics or inhibitor. Images of the cells were captured every 24 h, and the width of the remaining gap was measured. (D) Quantification of the wound healing assay. The distance of cell migration was used to quantify the migratory capacity. \*P\<0.05, \*\*P\<0.01. (E) Representative images of H&E-stained sections of pulmonary metastases in nude mice (n=10) injected with miR-299-5p-overexpressing MDA-MB-231 cells compared with those injected with MDA-MB-231 negative control cells. \*\*P\<0.01. Data are expressed as the mean ± standard error of mean. LV, lentiviral; ctrl, control; H&E, haematoxylin and eosin.](OR-43-04-1221-g02){#f3-or-43-04-1221}

![STK39 is a direct target of miR-299-5p in breast cancer cells. (A) miR-299-5p is highly conserved across species and has binding sites within the 3′-UTR of human STK39. (B) Dual-luciferase reporter assays showing the suppression of the wild-type STK39 3′-UTR by miR-299-5p in 293T cells. \*\*P\<0.01. (C) The relative expression of STK39 mRNA was measured by reverse transcription-quantitative PCR following transfection with miR-299-5p mimics or inhibitor in MDA-MB-231 and MCF-7 cells. \*P\<0.05, \*\*P\<0.01. (D) The expression of STK39 was measured by western blotting following transfection with miR-299-5p mimics or inhibitor in MDA-MB-231 and MCF-7 cells. (E) Quantification of the protein expression by grayscale analysis. \*\*P\<0.01. Data are expressed as the mean ± standard error of mean. STK39, serine/threonine kinase 39. UTR, untranslated region; WT, wild-type; Mut, mutant.](OR-43-04-1221-g03){#f4-or-43-04-1221}

![STK39 is upregulated in breast cancer. (A) STK39 expression levels were measured by immunohistochemistry in human breast cancer and adjacent non-cancerous tissue samples (magnification, ×400). (B) The percentage of positive cells was counted to evaluate the expression of STK39. \*\*P\<0.01. (C) The relative expression of STK39 mRNA in normal breast epithelial cell lines and breast cancer cell lines was measured by reverse transcription-quantitative PCR, and the expression of STK39 was normalized to β-actin. \*P\<0.05, \*\*P\<0.01. (D) The expression of STK39 in normal breast epithelial cells and breast cancer cell lines was measured by western blotting. β-actin was used as an internal control. (E) Quantification of protein expression by grayscale analysis. \*\*P\<0.01. Data are expressed as the mean ± standard error of mean. STK39, serine/threonine kinase 39.](OR-43-04-1221-g04){#f5-or-43-04-1221}

![Knockdown of STK39 by siRNA transfection in breast cancer cells. (A) The relative expression of STK39 mRNA was measured by reverse transcription-quantitative PCR in MDA-MB-231 and MCF-7 cells after transfection with si-STK39, and the expression of STK39 was normalized to β-actin. \*\*P\<0.01. (B) Western blotting detected the expression of EMT markers (N-cadherin, E-cadherin and vimentin), MMP-2/9, and STK39 in MDA-MB-231 and MCF-7 cells after transfection with si-STK39 or si-ctrl. β-actin was used as an internal control. (C) Quantification of protein expression by grayscale analysis. \*\*P\<0.01. STK39, serine/threonine kinase 39; EMT, epithelial-mesenchymal transition; MMP, matrix metallopeptidase.](OR-43-04-1221-g05){#f6-or-43-04-1221}

![STK39 affects migration and invasion in breast cancer cells. (A) Migration assays of MDA-MB-231 and MCF-7 cells following transfection with si-STK39 or si-ctrl. The number of migrated cells was quantified from at least five random fields for each membrane (magnification, ×200). \*\*P\<0.01. (B) Invasion assays of MDA-MB-231 and MCF-7 cells following transfection with si-STK39 or si-ctrl. The number of invading cells was counted from at least five random fields for each membrane (magnification, ×200). \*\*P\<0.01. (C) Wound healing assays of MDA-MB-231 and MCF-7 cells following transfection with si-STK39 or si-ctrl. Images of these cells were captured every 24 h, and the remaining unhealed gap was marked. (D) Quantification of the wound healing assay. \*P\<0.05, \*\*P\<0.01. Data are expressed as the mean ± standard error of mean. STK39, serine/threonine kinase 39; si-ctrl, small interfering RNA control; si-STK39, small interfering RNA of STK39; STK39, serine/threonine kinase 39.](OR-43-04-1221-g06){#f7-or-43-04-1221}

![STK39 reverses the effects of miR-299-5p on breast cancer cell migration and invasion. (A) STK39 overexpression reverses the decrease in cell migration induced by miR-299-5p upregulation (magnification, ×200). \*P\<0.05, \*\*P\<0.01 vs. miR-ctrl + pcDNA3.1. ^\#\#^P\<0.01 vs. miR-299-5p mimics + pcDNA3.1-STK39. (B) STK39 knockdown attenuates increased cell migration induced by the miR-299-5p inhibitor (magnification, ×200). \*\*P\<0.01 vs. inhibitor-ctrl + si-ctrl. ^\#\#^P\<0.01 vs. miR-299-5p inhibitor + si-STK39. (C) STK39 overexpression reverses the decrease in cell invasion induced by miR-299-5p upregulation (magnification, ×200). \*\*P\<0.01 vs. miR-ctrl + pcDNA3.1. ^\#\#^P\<0.01 vs. miR-299-5p mimics + pcDNA3.1-STK39. (D) STK39 knockdown attenuates the increase in cell invasion induced by miR-299-5p inhibition (magnification, ×200). \*\*P\<0.01 vs. inhibitor-ctrl + si-ctrl. ^\#\#^P\<0.01 vs. miR-299-5p inhibitor + si-STK39. Data are expressed as the mean ± standard error of mean. miR-ctrl, miRNA mimics control; si-ctrl, small interfering RNA control; si-STK39, small interfering RNA of STK39; STK39, serine/threonine kinase 39.](OR-43-04-1221-g07){#f8-or-43-04-1221}

###### 

Correlation between miR-299-5p expression and clinicopathological characteristics of breast cancer patients.

                               miR-299-5p expression       
  ----------------------- ---- ----------------------- --- ------------------------------------------------------
  Age (years)                                              0.707
    \<60                  16   11                      5   
    ≥60                   14   8                       6   
  Tumor size (cm)                                          0.238
    \<2                   11   5                       6   
    ≥2                    19   14                      5   
  Lymph node metastasis                                    0.023^[a](#tfn1-or-43-04-1221){ref-type="table-fn"}^
    Negative              13   5                       8   
    Positive              17   14                      3   
  TNM stage                                                0.708
    I+II                  17   10                      7   
    III+IV                13   9                       4   

Fisher\'s exact probabilities test, P\<0.05. TNM, T the size of primary tumor site; N the regional lymph node involvement; M the distant metastasis.

###### 

Correlation between STK39 expression and clinicopathological characteristics of breast cancer patients.

                               STK39 expression        
  ----------------------- ---- ------------------ ---- ------------------------------------------------------
  Age (years)                                          0.999
    \<60                  16   5                  11   
    ≥60                   14   4                  10   
  Tumor size (cm)                                      0.687
    \<2                   11   4                  7    
    ≥2                    19   5                  14   
  Lymph node metastasis                                0.020^[a](#tfn2-or-43-04-1221){ref-type="table-fn"}^
    Negative              13   7                  6    
    Positive              17   2                  15   
  TNM stage                                            0.691
    I+II                  17   6                  11   
    III+IV                13   3                  10   

Fisher\'s exact probabilities test, P\<0.05. TNM, T the size of primary tumor site; N the regional lymph node involvement; M the distant metastasis; STK39, serine/threonine kinase 39.
